We report the experimental observation of Richardson dispersion and a double cascade in a thin horizontal fluid flow induced by Faraday waves. The energy spectra and the mean spectral energy flux obtained from particle image velocimetry data suggest an inverse energy cascade with Kolmogorov type scaling E k / k , % À5=3 and an E k / k , % À3 enstrophy cascade. Particle transport is studied analyzing absolute and relative dispersion as well as the finite size Lyapunov exponent (FSLE) via the direct tracking of real particles and numerical advection of virtual particles. Richardson dispersion with hÁR 2 ðtÞi / t 3 is observed and is also reflected in the slopes of the FSLE (Ã / ÁR À2=3 ) for virtual and real particles.
We report the experimental observation of Richardson dispersion and a double cascade in a thin horizontal fluid flow induced by Faraday waves. The energy spectra and the mean spectral energy flux obtained from particle image velocimetry data suggest an inverse energy cascade with Kolmogorov type scaling E k / k , % À5=3 and an E k / k , % À3 enstrophy cascade. Particle transport is studied analyzing absolute and relative dispersion as well as the finite size Lyapunov exponent (FSLE) via the direct tracking of real particles and numerical advection of virtual particles. Richardson dispersion with hÁR 2 ðtÞi / t 3 is observed and is also reflected in the slopes of the FSLE (Ã / ÁR À2=3 ) for virtual and real particles. DOI Faraday waves are a thoroughly studied phenomenon displaying a rich variety of curious wave patterns on the fluid surface as a function of the driving acceleration and frequency [1] . Faraday wave modes are an important analogon for different types of physical systems, ranging from material sciences and biomedical application to BoseEinstein condensation [2, 3] . The capillary ripples excited on the surface are known to undergo order-disorder transitions as the forcing is altered [4] . This spatiotemporal disorder in the wave pattern causes particles floating on the surface of the fluid to undergo complex random walks in the horizontal plane [5, 6] . Experiments by Mesquita et al. [7] indicate that the horizontal transport of particles in this type of flows is caused by fluctuations in the Stokes drift that arise due to nonlinear effects causing traveling waves and imperfections in the Faraday pattern [2, 5] . To date, most of the studies about the Faraday experiment focus on the evolution and transitions of the surface waves and only a few consider the horizontal transport of particles floating on the fluid surface. In consideration of the abundance of numerical, experimental and theoretical studies about the Faraday waves it is surprising that to our knowledge no direct observation of the evoked horizontal velocity field has been performed so far. In this Letter, motivated by our previous studies of active media applied to this fluid flow [6, 8] , we present the first experimental study of the horizontal Faraday velocity field via particle image velocimetry (PIV) [9] . Our results indicate that transport on the surface of the fluid flow is turbulent. In the following we will call this flow simply Faraday flow.
Turbulent flows are characterized by their energy spectrum which is derived from the Fourier transform ðÁÞ of their velocity componentsṽ ¼ ðu; v; wÞ: E k ðkÞ ¼ 2 Þ, being the vorticity [10] . Kraichnans theory of forced twodimensional turbulence predicts the development of a double energy cascade [11, 12] . When the flow is forced at the wavelength f the energy is passed on to larger wavelengths generating an inverse energy cascade with the same scaling as in three dimensional turbulence (E k / k À5=3 for k < k f ). In contrast, enstrophy is passed to smaller wavelengths and in this range energy scales as
Kraichnans theory is strongly supported by recent numerical [13, 14] and experimental results [10, [15] [16] [17] , but has not been doubtlessly verified up to now [13, 17] .
We find that the horizontal Faraday flow exhibits interesting characteristics of two-dimensional turbulence. Figure 1 shows a mean image of six successive experimental frames of the PIV particles, overlaid with a velocity field obtained via PIV analysis. Several length scales can be identified ranging from vortices considerably 0031-9007=11=107 (7)=074502 (4) 074502-1 Ó 2011 American Physical Society smaller (% 2 mm) than the typical Faraday wavelength (% 10 mm) to jets spanning almost over the whole field of view. The indicated fluid depth of 2 mm illustrates the high aspect ratio of horizontal to vertical scales. Using the 2-D PIV velocity fields we obtain energy and enstrophy spectra as well as their spectral fluxes. Both show dual cascades similar to those predicted by Kraichnan [12] . Analysis of the horizontal transport supports the existence of a Kolmogorov type scaling range: Tracers on the fluid surface undergo Richardson relative dispersion. The overall agreement of simulated and real tracers reinforces the accuracy of the PIV measurements.
For our experiments we use a modified version of the setup described in [6] . A circular plexiglass container of 30 cm inner diameter is mounted on top of an electromagnetic shaker (TIRAvib S511, TIRA GmbH) which vertically vibrates with an acceleration modulated as gðtÞ ¼ g 0 þ a cosð!tÞ, g 0 being the gravitational acceleration. Forcing frequency and amplitude are fixed to ! ¼ 50 Hz and a ¼ 1:5g 0 . Faraday waves obtained have a rectangular shape and their dominant frequency is half the forcing frequency ! (subharmonic response) [1, 4, 5] . The fluid layer, distilled water, was chosen as shallow as feasible with a depth of 2 mm. Maximal Faraday wave amplitude was estimated to be A max % 0:5 mm. For the forcing applied the observed wave pattern is time dependent with traveling pattern defects. Images are recorded with a monochrome firewire camera (Pike, AVT) at a resolution of 480 Â 640 pixel 2 for three different zoom levels. The camera looks through the bottom plate of the container via a 45 mirror. A white backlight is placed above the fluid container. Image recording is triggered with 200 Hz (4 Â !). For the real tracer tracking experiments we use floating 300 m diameter sized, black particles (Black CromoSpheres, Brookhaven Instruments). Some hundreds of particles are added to the liquid's surface and trajectories are extracted by a minimal distance based tracking algorithm. For PIV measurements floating hollow glass spheres with a density of 0:2 g=cm 3 and a diameter of ð46 AE 30Þ m (Q-Cel 5020FPS, Potters Europe) are added to the fluid and stay homogeneously distributed throughout the experiment, i.e., no particle gathering at nodes or antinodes as reported elsewhere [18] . Every eighth image is chosen to enter the PIV analysis matching zero phase of the Faraday waves (approximately flat water surface). This minimizes the recording of spurious periodic particle movements and only the horizontal Stokes drift remains. The resulting PIV interframe time of 0.04 s is more than 10 times smaller than the Eulerian integral time scale T E % 0:5 s of the flow. Velocity fields are obtained using a minimum quadratic difference based open source Matlab algorithm (mpiv) [19] . Resolution of the velocity field is 1=5 of the image resolution (95 Â 127 velocity grid points). From these velocity fields we integrate the paths of thousands of virtual tracers using a 4th order RungeKutta integration scheme and a x-y-t cubic spline interpolation. Figure 2 shows the energy (a) and enstrophy spectra (b) of the velocity fields for three zoom levels. In all spectra a bend wave number k b can clearly be distinguished where the slope of the spectra changes (see arrows). We argue that k b % 0:12 mm À1 is the approximate value of the forcing wave number where energy is introduced into the flow by vibration as the spatial Faraday wavelength lies in the same range F ¼ ð10 AE 2Þ mm equivalent to k F ¼ 1= F ¼ ð0:10 AE 0:02Þ mm À1 . At wave numbers k < k b a dependence E k / k , ¼ À5=3 fits the data well (Kolmogorov scaling). For k > k b the slope is much steeper, % À3. Also the slope of the enstrophy spectra changes at k b but it is steeper than ¼ À1, Z k / k predicted by Kraichnan theory for k > k b . Only for the closest zoom-level the slope approaches ¼ À1 for high wave numbers. In order to determine the directions of the observed cascades, in Fig. 2(c) we calculate the mean 
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074502-2 spectral energy and enstrophy fluxes, Å E and Å Z , as in [20] . A negative (positive) spectral flux means that energy (or enstrophy) is transported upscale to larger wavelengths (downscale to smaller wavelengths). The spectral fluxes we obtain agree with the Kraichnan-theory insofar as forcing at wave number range % k b causes a dual cascade: an inverse energy cascade upscale from k b (negative mean spectral energy flux) and a direct enstrophy cascade downscale from k b (positive mean spectral enstrophy flux). However, the spectral fluxes do not show a clear inertial range with constant flux (similar to experiments reported by Chen et al. [20] ). This could be due to the spectral proximity of forcing and dissipation ranges. Other experimental observations of dual cascades also observed exponents for the enstrophy cascade ¼ Àð3 þ Þ, ! 0 [15] [16] [17] . Boffetta et al. [17] showed that can be understood as a correction of the Kraichnan scaling due to bottom friction. Deviations from Kraichnan scaling in our experiment may additionally be caused by 3D effects, i.e., out of plane flow and thus nonzero divergence of the velocity field D ¼ r Áṽ Þ 0 [21] . The mean divergence of the velocity fields was found to be 10Â smaller than the mean vorticity. Nevertheless, at spatiotemporally localized spots this ratio can be inverted.
In order to study the horizontal transport in the Faraday flow and to validate the PIV analysis we analyze the absolute dispersion of the real and the virtual tracers hA 2 i ¼ hjrðtÞ Àrðt 0 Þj 2 i / t , shown in Fig. 3(a) . The absolute dispersion of both tracers behaves nearly identical at most scales, which shows that the PIV velocity fields reflect important statistical characteristics of the Faraday flow. Only for the smallest initial separations both measures deviate. This is most likely due to the limited resolution of the PIV measurements as we will discuss later on. For short times the absolute dispersion of both tracers inclines steeply with a slope of ! 2 before it gradually declines, revealing an important transient region with a slope 1 < < 2 [6] .
While the absolute dispersion depends sensitively on the large scale motion of the turbulent flow, the relative dispersion depends on the structures (vortices or eddies) of size of the actual particle separation [10, 22] . Kolmogorov scaling, as observed in the energy spectra, should be reflected in the relative dispersion and in the FSLE spectra [23] . Figure 3(b) shows the relative dispersion hÁR 2 i ¼ hjr i ðtÞ Àr j ðtÞj 2 i for virtual and real tracers. The relative dispersion is a notoriously difficult measure as it depends sensitively on the initial distance of the tracked particles and thus on the definition of an initial time t 0 even for highly turbulent flows [24] [25] [26] . This dependency is also observed in our experiments. Smallest experimentally feasible initial distance of the real tracers was found to be in between 3 and 4 pixels (0.63-0.84 mm for the farthest zoom-level). We determine t 0 ¼ À0:22 s for the real particles using the method of Ott and Mann [24] . This is the estimated mean time for two infinitesimal close particles to reach the initial experimental separation. For the virtual tracers the initial distance can be chosen arbitrarily small (here 0.5 pixel) and t 0 % 0 [25] . The slopes of both measurements show Richardson scaling hÁR 2 i / ðt À t 0 Þ 3 for nearly one decade. It is difficult to ascertain if the subsequent flattening of the slope is real or if it is solely due to the fact that quickly separating particles leave the field of view more rapidly. Definitely one expects that hÁR 2 i saturates (slope zero) when it approaches system size as sidewalls restrict further separation. It is to mention that the absolute values of the relative dispersion are higher for the real tracers. This is partly due to the bigger initial distance of the real tracer as was checked launching the artificial tracers with an initial distance of 3-4 pixels. However, while the relative dispersion of virtual tracers grows exponentially for small times, for real tracers it does not. Since the relative dispersion is a delicate measure [26] we additionally compute the more robust FSLE ÃðÁRÞ [23] for real and virtual tracers in Fig. 3(c) . The FSLE gives clarity about the length scales on which the Richardson scaling occurs. Real and virtual FSLE measurements reveal a Richardson scaling ÃðÁRÞ / ÁR À2=3 for ÁR=L int > 1 as expected for Kolmogorov scaling of the energy spectrum. Again the FSLE values of the real tracers are somewhat higher than that of the virtual ones. Also the FSLE values of the virtual tracers show a clear plateau which corresponds to exponential (chaotic) particle separation for small ÁR. Such a chaotic regime is theoretically expected for the enstrophy cascade. In contrast, the FSLE values of the real tracers only insinuate this plateau. Rather for ÁR=L int < 1 the FSLE values of the real tracers again follow the Richardson scaling and thus disagree with the virtual ones and with the existence of an enstrophy cascade. This discrepancy could be owed to different effects: First, it is likely that the real tracer particles have more inertia than the PIV particles. We find that inertia has a stronger effect on relative statistics than on absolute statistics [cf. Figure 3 (a) with Figs. 3(b) and 3(c)] which also agrees with actual findings [27] . Second, the PIV algorithm might miss some of the small scale dynamics leading to less dispersion of the virtual tracers in that ranges. Further it must be noted, that for the real tracers chance pairs were measured. Here particles are termed chance pairs when they come closer than four pixels to any other particle at some time during their sojourn in the field of view. Possible bias due to chance pairs has been reported [28] .
To conclude, we have measured the horizontal surface flow induced by Faraday waves in a thin fluid layer. This horizontal Faraday flow reveals interesting two-dimensional characteristics. An inverse energy cascade with negative mean spectral energy flux and a Kolmogorov type scaling range can be identified. Moreover the data suggest, albeit only for small range, the existence of a direct enstrophy cascade with a positive mean spectral enstrophy flux. Tracking of real and virtual particles reveals Richardson scaling in the relative dispersion and in the FSLE spectra. Altogether our findings shine a new light on the Faraday waves and allow the reconsideration of this beautiful, low cost experiment for new fields of applications, e.g., the effect of Richardson turbulence on reactive or living tracers. Finally, more questions about the Faraday flow remain to be answered concerning its variation with forcing frequency and amplitude or with liquid height. Preliminary findings suggest that these changes are rather drastic.
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